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This paper presents an integrated framework for modelling inverter performance and evaluating power devices in hybrid electric vehicle drives. New material devices, e.g. silicon carbide (SiC), also offer potential improvements over existing silicon (Si) devices, e.g. reduced losses, increased operating temperatures and smaller size.
Compact physics-based device models offers greatly improved accuracy in the simulation of inverter losses; however these require simulation times of up to a few seconds for every switching cycle. This work decouples the device and inverter simulation to maintain high accuracy of power losses and devices temperatures, and achieve faster than real time inverter simulation.
The key to the inverter simulation is the look-up table of device losses. During simulation, the inverter model simply accesses a look-up table of device losses, given as a function of the load current, duty ratio and device temperature. The table is pre-calculated using accurate compact device models. The IGBT and PIN diode models use the Fourier-based solution to calculate the stored charge, and therefore predict conduction and switching losses. A SiC Schottky diode model was also developed. Both the device models and inverter simulation are implemented in MATLAB/Simulink, giving full integration. Look-up tables were then generated for two combinations: the Si IGBT with Si PIN diode, and Si IGBT with SiC Schottky diode. Since the switching frequency is relatively low at 5 kHz, and the onstate losses of the SiC Schottky diode are higher than that of the Si PIN diode, the losses are greater than those for the Si PIN diode. However, at a switching frequency of 25 kHz, the losses are similar, indicating the improved performance of SiC Schottky diode at high switching frequencies.
A candidate D-segment full parallel hybrid vehicle was used in this paper to provide a suitable load cycle for inverter simulation. The driving cycles used are the combined Artemis cycle and the NEDC. Temperature profiles were generated for both pairs of devices and for both driving cycles. The temperatures depend on the vehicle torque, with peaks in temperature corresponding to the vehicle acceleration and motor torque. The temperatures show greater peaks and more severe cycling during the urban section, which would adversely impact the device reliability. The maximum temperature rise occurs during sharp braking. There is little difference between the device temperatures simulated using the Si PIN diode and those using the SiC Schottky diode, because of the strong dependence on the on-state losses at the switching frequency used. The speed-up factors of inverter simulation were at least 3.3 times faster than real time.
The SiC Schottky diode shown here achieves a similar performance to an already well-optimized Si PIN diode, at the expense of using a diode chip area more than double that of the Si PIN diode. The potential drawback of high on-state losses of SiC Schottky diodes has not been widely discussed, since it is assumed that such diodes operate at high switching frequencies. The ability of SiC to operate at higher temperatures would not restrict the diode temperature to the same extent, allowing smaller diode chip sizes to be used, but this could increase the temperature of an adjacent IGBT and affect the packaging reliability through thermal cycling.
Introduction
A major challenge in the design of a hybrid electric vehicle powertrain is the optimization of the motor drive inverter. The inverter transfers power between the battery and electric motor. The load on the inverter depends on the driving cycle and the powertrain configuration. This in turn sets the inverter rating, from which the power devices can be chosen and the heatsink designed. There exists a fundamental tradeoff between device performance, heatsink size and reliability, critically depending on the device temperature throughout vehicle operation. Reducing the inverter size (including the heatsink) is necessary in order to minimize the extra space occupied by the hybrid powertrain. New material devices, e.g. silicon carbide (SiC), also offer potential improvements over existing silicon (Si) devices, in terms of reduced losses, increased operating temperatures and smaller size.
Traditionally, inverter modelling has been carried out using circuit simulators, with either ideal switches or very basic device models representing the switching devices. While the use of simple device switching models results in rapid inverter simulation, necessary for long driving cycles of many minutes, such models are unable to predict device losses and the resulting temperature rise with much accuracy. Therefore they cannot be used in inverter optimization. The use of compact physics-based device models offers greatly improved accuracy in the simulation of inverter losses (1) - (5) ; however these require simulation times of up to a few seconds for every switching cycle. Clearly this approach cannot be used for more than tens of milliseconds of inverter operation, since the number of switching events would result in prohibitive simulation times.
In this paper a simulation framework is proposed which integrates hybrid powertrain modelling, inverter simulation and device modelling. The inverter simulation features a novel method of decoupling device switching behaviour from inverter and heatsink operation, so that accurate prediction of losses is maintained while allowing a fast simulation speed. The simulation framework is illustrated with a hybrid powertrain and a selection of driving cycles, and the effects of these on the device temperature is examined for different candidate devices.
Modelling Framework
The system model is illustrated in Fig. 1 . The driving cycle data, namely the vehicle speed as a function of time, is used to generate the electric motor speed and torque using the powertrain model. A simple motor drive model then calculates the corresponding electrical conditions at the output of the inverter (rms voltage and current, power factor c 2008 The Institute of Electrical Engineers of Japan. Fig. 1 . Coupling between the parts of the system model. The powertrain, drive and device models are used independently of the converter model and frequency). The inverter simulation then runs through the electrical conditions, generating the switching patterns and calculating the device losses and, in conjunction with a heatsink model, the device temperatures (6) . The key to the inverter simulation is the look-up table of device losses. Rather than simulating device switching at every switching event, which is time-consuming, the inverter model simply accesses a look-up table of device losses (7) (8) . These losses are given as a function of the load current, duty ratio and device temperature, allowing rapid estimation of the device losses based on the switching conditions at the current time step. The look-up table is pre-calculated using accurate compact device models, with the advantage that simulation of device switching is only necessary once for any combination of switching conditions. The following sections explain the modelling stages in more detail.
Device Models
The devices used in the inverter are IGBTs, with freewheel diodes to carry the inductive load current. The diodes simulated are either Si PIN diodes or SiC Schottky diodes.
Si PIN diode and IGBT Models
The compact models used for the Si devices (9) , summarized in Fig. 2 , account for the stored charge inside the IGBT and diode, which must be modelled to predict the on-state and switching losses accurately. They use Fourier series to solve the ambipolar diffusion equation (ADE) describing the excess stored charge p(x, t) in the lightly-doped base region. The ADE is given by,
where D is the ambipolar diffusivity and τ is the high-level lifetime. p(x, t) can be expressed as a Fourier series in space x, with the coefficients p k varying in time t:
The models also account for device features such as local lifetime control in diodes (10) and field-stop regions in IGBTs (11) . The switching (commutation) cell and Si device models have previously been implemented in Simulink (6) (12) , which allows effective integration with MATLAB and generation of the look-up table of device losses. The models are described in detail in Refs. (9)- (12); readers are requested to refer to these papers for further details. 
SiC Schottky Diode Model
The SiC Schottky diode model is summarized in Fig. 3 . It differs from the Si PIN diode model in that the Schottky diode is a unipolar device, and therefore it does not need to calculate the stored charge using the Fourier series solution. The Schottky diode drift region has a width L and a doping concentration of N D . The metal-semiconductor junction forms a depletion layer under reverse bias, which extends a width W d into the drift region. The remaining non-depleted drift region acts as a series resistance.
The forward current I d at the Schottky junction as a function of the junction voltage V d is given by,
where n is an ideality factor. V T = kT/q is the thermal voltage, where k is the Boltzmann constant, T is the absolute temperature and q is the electronic charge. I 0 is the reverse saturation current (13) :
A is the diode cross-sectional area, φ Bn is the barrier height and A * is the Richardson constant given by Ref. (13): 
where ε is the dielectric constant for the semiconductor (Si or SiC). W d is the depletion region width given by:
where V bi is the built in junction potential, N D is the drift region doping concentration, I A is the total diode current and v sat is the electron saturation drift velocity. The drift region resistance is given by Eq. (8) . This takes into account that the depletion region extends into the drift region by W d , reducing its effective length. The total drift region length is L.
The temperature dependance of carrier mobility is given by Ref. (14):
where μ n (300) is the carrier mobility at 300 K.
The model is implemented in MATLAB/Simulink as shown in Fig. 4 . The junction voltage V d and the total diode voltage V AK are calculated as follows:
Inductive Switching Simulation
The device models are implemented in a commutation cell to model the inductive switching processes in the inverter (6) (12) . Figure 5 shows the commutation cell circuit, which models the switching process for both pairs of devices in each inverter leg. This contains the freewheel diode, whether Si PIN or SiC Schottky, the IGBT, a small snubber and the necessary stray inductances. This is also implemented in Simulink. One complete switching cycle is simulated in this commutation cell. The temperature is assumed to be fixed throughout the short duration of the cycle. This inductive switching simulation is then used to calculate the instantaneous device power losses, simply using P D = I A V AK and P I = I C V CE for the diode and IGBT respectively. At each point in the look-up table, i.e. for each combination of load current, duty ratio and temperature, the device power dissipation is averaged across the switching cycle to calculate the total conduction and switching losses (6) . 
Inverter and Heatsink Model
The inverter model outline is given in Fig. 6 . The pre-calculated inverter output (motor) electrical conditions (I 0 : output current, V 1 : output voltage, ϕ 0 : output current phase angle, f m : output modulation frequency) are used to calculate the current and voltage waveforms as the simulation proceeds, which give the load current and duty ratio for the switching cycle of each inverter leg. Only one leg is simulated here, since the legs behave identically except for the 120
• phase difference between legs. The active devices in each leg are selected based on the direction of the load current; therefore the switching conditions of the duty ratio and load current may be calculated. The device temperature is obtained from the heatsink model. The DC supply voltage and switching frequency are assumed to be constant. The switching conditions are then used to access the look-up table of device power losses, with separate losses calculated for all four devices in each inverter leg. The heatsink model, given in given in the device datasheet and the heatsink impedances may be estimated from experimental tests, e.g. using known powers from resistive heaters. While the heatsink model is a simple lumped-element thermal network, more detailed twoor three-dimensional models could be used at greater computational expense, or used to generate more accurate lumped element models (5) (8) (15) .
Motor Drive Model
A variable-speed induction motor drive is used in this part of the model. The motor is assumed to operate in the linear region of the torque-speed characteristic, with variable-voltage variable-frequency control to maintain constant flux below the base speed. Thus the model is simplified, with only the rotor resistance and magnetizing inductance required. These are selected to match the motor size used in the powertrain simulation. Further details of the model are given in Ref. (7).
Powertrain Model
Using a driving cycle to define the vehicle speed with respect to time requires an inverse physical powertrain model to calculate the required powertrain torque. The powertrain model, known as 'WARP-STAR', facilitates this calculation, and is described in more detail in Ref. (16) . The powertrain supervisory controller determines the balance of torque between the electric drive and engine to meet the demand, so the control strategy employed largely dictates the torque request on the electric drive. A generic strategy, which maintains the battery state of charge and optimizes the combined efficiency of the system, is suitable for this model.
Results

Schottky Diode Model
The model was fitted to experimental data from a SiC Schottky diode. This was achieved by varying the principal device structural parameters (L, N B , A, n, and φ Bn ) to match the experimental data. Initial estimates for A, L and N B can be made from the current rating, differential on-state resistance, junction capacitance and breakdown voltage given in the datasheet.
Using SiC material data, Fig. 8 shows the comparison between experimental data from Ref. (14) , for a 1 A/600 V device with an area of 0.009 cm 2 , and simulated on-state curves. The SiC diode model shows close matching to the experimental data.
The SiC Schottky diode model was then simulated in the commutation cell, as in Fig. 5 . Nominal switching conditions are chosen to compare the Si PIN diode and SiC Schottky diode. The supply voltage was 200 V, the load current was 200 A and the temperature was 300 K. The IGBT and (14) and simulated (dashed) on-state curves for the SiC Schottky diode Fig. 8 to achieve a suitable current rating; this could also be viewed as paralleling a suitable number of devices. Figure 9 shows the IGBT turn-on/diode turn-off waveforms for the SiC Schottky diode, compared with the Si PIN diode. The Schottky diode shows no reverse recovery, although it does show a small oscillation in current due to the interaction of the stray inductance with the diode capacitance. The snubber across the diode had to be increased to 2.7 nF in series with 10Ω in order to damp these oscillations sufficiently; however this did not significantly increase the diode current overshoot. The power dissipation waveforms in Fig. 9 show the effect of using the SiC Schottky diode on the IGBT turn-on losses. The current overshoot is reduced, with a resulting reduction in switching losses. Figure 10 compares the on-state characteristics of the SiC Schottky and Si PIN diodes, with two 200 A devices in parallel for each curve. The chip area of the SiC Schottky diode is more than double that of the Si PIN diode. The consequence of using a minority carrier device is the increased resistance at higher current densities and temperatures; in addition the greater bandgap of SiC gives a larger "knee" voltage before conduction starts than a Si Schottky diode. Although the on-state voltages of the diodes are similar below about 150 A (75 A per chip), the SiC Schottky diode exhibits a greater on-state voltage above this. The on-state voltage of the SiC Schottky diode could be reduced by increasing the device area, but this would increase the cost and reduce the 
Simulation of Device Losses
The Si devices chosen are based on an IGBT/PIN diode pair previously modelled using the Si device models. The resulting look-up table of average device power losses using Si PIN diodes is shown in Fig. 11 . The switching frequency was 5 kHz and the DC supply voltage was 240 V to match the nominal battery voltage in the powertrain simulation. The device losses increase with current and temperature, as expected. Since the switching frequency is relatively low, the balance of the losses between the IGBT and diode is strongly affected by the duty ratio. Figure 12 shows the corresponding look-up table of power losses using the SiC Schottky diode. Since the switching frequency is relatively low, and the on-state losses of the SiC Schottky diode are higher than that of the Si PIN diode, the losses are greater than those given in Fig. 11 . This is shown in the lower plot of each figure (diode losses).
However, at a switching frequency of 25 kHz, the total device (IGBT + diode) losses are similar, Fig. 13 ; indeed there is little difference between the two plots. This illustrates the improved performance of SiC Schottky diode at high switching frequencies, as expected from the reduced switching losses, the overall losses become comparable. At higher switching frequencies still, the total losses using the SiC Schottky diode would be lower than using the Si PIN diode. 
Powertrain, Motor Drive and Inverter Simulation
The candidate hybrid vehicle used in this paper is a D-segment vehicle, examples of which are the Ford Mondeo and Volkswagen Passat. A full parallel hybrid system is chosen to illustrate the simulation framework. A generic chassis mass of 1.5 tonnes and generic aerodynamic properties of 0.34 for drag coefficient and 2 m 2 for frontal area are used. The full hybrid has a 988 cc petrol engine, with a 60 kW induction machine combined motor/generator. It has a 5-speed manual transmission, with gear selection by a medium conservative driver model. It should be emphasised that this is an example, and any hybrid electric powertrain could be used here, provided it is accounted for correctly in the powertrain model. The driving cycles used to provide the vehicle speed demand are the Artemis urban and motorway cycles, combined into one cycle, and the NEDC.
The inverter is assumed to be a three-phase voltage source inverter, with a constant DC link voltage of 240 V and a switching frequency of 5 kHz, using space-vector modulation to generate the voltage waveforms. The power losses are calculated for one leg as discussed in section 2.3. Figure 14 shows the relationship between the vehicle speed, motor speed, motor torque, inverter output voltage and load current for the vehicle subjected to the combined Artemis cycle (consisting of an urban cycle followed by a motorway cycle). The load current clearly corresponds Fig. 14 . Speeds, torque, motor voltage and current for the Artemis driving cycle. The urban section is followed by the motorway section at approximately 1000 s to the motor torque. The motor speed is not directly to the vehicle speed, due to the gear changes, but directly affects the inverter voltage. Using such a load cycle automatically includes common test conditions such as halfload and full-load operation, since these are encountered during the constant-speed highway section and acceleration/deceleration sections of the cycle. The output current I 0 is not always zero for zero motor torque, because of the need to maintain flux in the machine. Figure 15 shows the device temperatures, using both the Si PIN and SiC Schottky diodes, at a switching frequency of 5 kHz. The temperatures clearly depend on the vehicle torque, with peaks in temperature corresponding to the vehicle acceleration and magnitude of the torque. The temperatures show greater peaks and more severe cycling during the urban section, which would adversely impact the device reliability. The maximum temperature rise occurs during sharp braking, due to regeneration of power to the battery. This is somewhat unexpected, but is highly dependent on the powertrain management strategy, which would dictate the balance of regenerative and conventional friction braking. There is little difference between the device temperatures simulated using the Si PIN diode and those using the SiC Schottky diode. This is because of the strong dependence on the onstate losses at the switching frequency used, and the maximum device current being approximately 200 A (Fig. 10) . It should also be noted that the temperatures depend on the packaging and heatsink design, and the accuracy of the simulated temperatures depend on the thermal model. Figure 16 shows the relationship between the vehicle speed, motor speed and motor torque for the vehicle subjected to the NEDC cycle. The acceleration is smaller than for the Artemis cycle, with a correspondingly reduced load current and device temperature. Figure 17 shows the device temperatures, using both the Si PIN and SiC Schottky diodes, at a switching frequency of 5 kHz.
Both driving cycles show that the diode temperature is greater than the IGBT temperature. This is because the thermal resistance between the diode chip and the heatsink is greater than for the IGBT, due to the smaller area of the diode chip. Additionally, the SiC Schottky diode chip is larger than the Si PIN diode chip, and the thermal conductivity of SiC is greater. Therefore the smaller thermal resistance of the SiC diode compared with the Si PIN diode counteracts the larger power dissipation expected from Fig. 12 .
Generation of the look-up tables using the device models switching at 5 kHz took 259 s and 97 s on a 3 GHz Pentium IV PC for the Si PIN and SiC Schottky diodes respectively. The simulation with the PIN diode takes longer because of the need to model the stored charge, which is more complex than the Schottky diode model. The inverter simulations took 370 s and 167 s for the combined Artemis and NEDC cycles respectively for the Si PIN diode, and 376 s and 169 s for the SiC Schottky diode. The Artemis cycle takes longer than the NEDC cycle simply because it is longer. This results in speed-up factors of at least 3.3 times faster than real time (2082 s load cycle simulated in 629 s for the worst case of the Si PIN diode look-up table generation and Artemis cycle). To compare this with having to simulate every single switching cycle, if every switching cycle takes ten seconds to simulate, and the switching frequency is 5 kHz, the Artemis load cycle of 2082 s would take 1.04 × 10 8 s to simulate, i.e. 3.3 years. Therefore it is clear that using the look-up table method for inverter simulation is the only feasible option.
Discussion
The results presented show that the case for using new However, the ability of SiC to operate at higher temperatures would not restrict the diode temperature to the same extent, allowing smaller diode chip sizes to be used. This could, however, increase the temperature of an adjacent IGBT, so this thermal coupling must be taken into consideration. It would also require reliable packaging capable of withstanding the severe thermal cycling resulting from increased device temperatures. The thermal cycling experienced by the devices is already severe, as shown in Figs. 15 and 17. The estimation of device reliability is one area in which this simulation could be used in the design of the devices and inverter (6) . At higher switching frequencies, the total losses of the inverter using the Si PIN diode approach those of the SiC Schottky diode, as shown by the losses at 25 kHz, Figs. 13. This shows the expected advantage of the SiC Schottky diode taking effect: as it is a majority carrier device there is no reverse recovery current, so the switching losses are greatly reduced in the IGBT and eliminated in the diode. The advantages of near-zero switching losses and higher operating temperatures of SiC Schottky diodes are expected to be fully realizable with the use of SiC MOSFET or JFET devices, which, because of the near-zero switching losses, would allow the switching frequencies to be greatly increased. The cost of increasing the switching frequency, in terms of device temperatures, can quickly be evaluated using the fast inverter simulation, allowing different design options to be investigated thoroughly.
At this stage the inverter simulation can be used as an exploratory tool to determine the dominant trends in inverter design for hybrid-electric vehicles. It can also be applied to any motor drive system or inverter application provided the inverter output conditions can be calculated. Past results in Ref. (7) indicate that the inverter simulation method is valid, and further work is in progress to fully validate the approach. The use of the simple lumped-element thermal heatsink model also limits the accuracy currently achievable. Further work is in progress to improve the thermal model accordingly.
Conclusions
The results illustrate the integrated simulation framework developed for inverter design in hybrid vehicle powertrains. It is a powerful tool, with the advantage that all stages of the simulation are within MATLAB/Simulink. It offers for the first time a method of estimating rapidly the temperatures of the power devices in the inverter throughout the whole driving cycle. The accuracy of power losses and detail of device temperature is maintained throughout the inverter simulation. The total simulation time of approximately 10 minutes, from the device and inverter specification to the complete temperature profile, offers great potential in inverter optimization since many designs can be evaluated practically. It has also shown that the use of SiC Schottky diodes in conjunction with Si IGBTs in hybrid vehicle systems does not necessarily show the improvements in performance expected.
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